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Abstract 
The presented modeling study illustrates how even small-scale heterogeneity has implications for how the CO2 is 
distributed and trapped in sedimentary sequences, and outlines a workflow for the study of these effects. The starting 
point for the study is a 2D model for crossbedded shallow-marine/tidal sands with 8 sediment classes, ranging from 
high-permeable sand to low permeable clay included as thin layers. The very small grid cell size of 3.5 mm ensures 
that the sedimentary details and contrasts are reflected in the petrophysical model. 
The initial flow simulation results show that in addition to the capillary trapped CO2 which remains after an 
imbibition process and which is caused by well explained hysteresis, some is also arrested by the architecture of the 
low-permeability layers due to permeability and capillary heterogeneity and this fraction becomes partly or fully 
immobilized. This contribution from heterogeneity trapping could add an element of increased containment safety 
and may in some cases add hyper-trapping capacity exceeding the prior established endpoint values from the 
saturation functions normally used to reflect the process in the simulations as well as in other more simple capacity 
estimates. 
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The filling of a reservoir with CO2 is a dynamic process influenced by heterogeneities at a range of 
different scales. If parts of the reservoir is by-passed during this process it will result in lowered filling 
efficiency and therefore smaller capacity than if assuming homogeneity. Likewise during the equilibration 
process after injection has stopped, the heterogeneity will influence the imbibition process when brine 
displaces the CO2, and might cause trapping beyond that prescribed by the endpoints for the saturation 
functions. 
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At the scale of mm, cm to dm, permeability contrasts in sand dominated deposits are often created by 
clay laminae forming drapes over cross-bedding foresets or as separations between depositional sets. 
Injection of CO2 in such geometry has been analysed with some preliminary flow simulations of the 
injection process. The combined effect of permeability contrasts, differences in capillary entry pressure 
and the injection pressure gradients, seem to create a very variable filling pattern. 
The analysis of storage capacity and efficiency in CO2 geological storage projects uses well known 
tools from the oil and gas research. The use of flow simulation for process studies and predictions of 
injection and migration behaviour is standard procedure. 
The effect of heterogeneity, resolution and grid cell choice on the simulation results for 2-phase 
displacement is well-known territory within the oil and gas modelling world e.g. by Ringrose et al. [1]. In 
CO2 storage context, limited work has been dealing with the effects of sub-gridcell heterogeneities 
concerning the filling process or trapping of CO2 due to capillary trapping of residual gas, but recent work 
by e.g. Krevor et al. [2] and Pini et al. [3] has shown this process at core mm-scale in laboratory 
experiments.  
During the injection stage, the heterogeneity and contrasts causes by-pass of the CO2 of certain parts of 
the reservoir rock. In addition, the high mobility of the dense-phase CO2 compared to the brine, in some 
instances limits the pressure gradient, and therefore limits the maximum saturation possible. These 
combined effects reduce the overall filling efficiency. 
During the equilibration stage, when injection operations have been terminated, the gravitational drive 
on the CO2 will cause equilibration in parts of the reservoir, involving imbibition of the water into 
previously CO2 saturated regions. This imbibition will be associated with capillary trapping phenomena 
usually called residual trapping. 
The presented study illustrates that even small-scale heterogeneity has implications for how the CO2 is 
distributed and trapped in sedimentary sequences, and outlines a workflow for the study of these effects. 
A starting point is the smallest representative volume found in a given sedimentary sequence, maybe a 
number of such volumes representing different facies. These limited volumes with detailed heterogeneity 
are then subjected to simulation of injection and imbibition processes in order to quantify the filling 
process and to study how much CO2 is trapped as a result of heterogeneity. The effective behaviour of 
these representative volumes can then be used as building blocks for medium-scale models and further up 
to field-scale modeling. 
2. Data background 
The model used for the study is a 2D model for crossbedded shallow marine/tidal sands with 8 
sediment classes, ranging from high-permeable sand to low permeable clay as thin layers. These classes 
have then been assigned porosity and permeability properties and capillary pressure functions, and the 
model has been installed in a flow simulation setup designed for meter-scale 2D model investigations. 
The size of the model is 3 x 0.5 m, and the very small grid cell size of 3.5 mm ensures that the 
sedimentary details and contrasts are reflected in the petrophysical model. 
Mapping of analogue outcrops is a popular activity for obtaining realistic patterns of heterogeneity to 
be used in numerical modelling. However, it has shown difficult to obtain a model for the type of 
heterogeneous tidal sand sequence that we would like to study. Previous studies in relation to oil/water 
systems have been performed e.g. by Ringrose et al. [1] and Pickup and Hern [4] on cross-bedded aeolian 
sandstones. The numerical models behind these two papers were not immediately available, and therefore 
we have extracted and modified a suitable model of heterogeneity and architecture from the works by 
Heinz [5]. Although this original model was mapped from outcrops of extreme high permeability gravel 
deposits, the architecture and geometry have been deemed re-usable for smaller scale structures 
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associated with finer-grained sediments like tidal sand deposits. The model had the original dimensions of 
41x7 meters and was derived from mapping of hydraulic conductivity in a 2D vertical section. For our 
study, the geometry of the model is re-scaled to a 3 x 0.5 m model (Fig. 1), and has been re-scaled so the 
cross-bedding is mimicking structures that could be found in shallow marine to tidal environments and 
with a more normal permeability spectrum relevant for smaller scale cross-bedded sediments (Figs 1, 2) 
 
Figure 1. Permeability model of cross-bedding with clay drapes on foresets (blue= 1 mD). Permeability classes assigned, 1, 10, 50, 
100, 200, 400, 600, 800 mD. The cells used for injection on the right side are set to 1200 mD. 
The rescaling of the model to 3 x 0.5 m results in the size of the grid cells to be 3.5 x 3.5 mm. The 8 
permeability classes from the original model has been re-arranged to reflect the features we want to be 
incorporated in the new type of sedimentary deposit. In the cross-bedded sets, the thinnest layers have 
been assigned a low permeability of 1 mD as they will reflect clay drapes deposited during the quiet tidal 
periods. Due to the re-used geometry, these clay drapes are not quite as extensive in their cover of the 
lower part of the foresets as they normally are in tidal deposits. However, this detail is not considered to 
invalidate the results. Porosity values for both sand and clay in the present model have been fixed to a 
constant value of 0.35. 
 
 
Figure 2. Histogram (log-scale) showing permeability range 1.0 to 800 mD (1, 10, 50, 100, 200, 400, 600, 800 mD). 
3. Model input, construction and set-up 
The simulations are performed with Eclipse100 as a standard black-oil simulator, modified to accept 
the properties of brine and CO2. The model is first flooded with CO2 by injecting from one end-face at an 
injection rate that is creating a reservoir-realistic pressure gradient and front travel velocity through the 
model. The effect of the different capillary entry pressures used for the permeability classes will depend 
on the pressure gradient in the actual region, and therefore some parts of the reservoir with high entry 
pressures will not be filled immediately and might not contribute to the efficient distribution of CO2 in the 
rock mass. This is causing even by-pass of parts of the reservoir, and a reduction in the filling efficiency. 
 Peter Frykman et al. /  Energy Procedia  37 ( 2013 )  5352 – 5359 5355
When injection is stopped, and the model is allowed to equilibrate, the CO2 is mainly influenced by the 
gravitational and capillary forces. The equilibration causes imbibition by water from below, and the 
saturation functions are used to reflect both hysteresis and the effects from capillary pressure contrasts. 
For the relative permeability input is used both imbibition hysteresis and full scanning curve 
description concerning the residual gas saturation, honouring an endpoint for residual gas saturation of 
0.30, whereas the capillary pressure is using the same curve description as for the drainage process. 
The initial flow simulation results show that in addition to the capillary trapped CO2 which remains 
after an imbibition process and which is caused by well explained hysteresis, some is also arrested by the 
architecture due to low permeability and capillary heterogeneity and becomes partly immobilized. This 
contribution from heterogeneity trapping could add an element of increased containment safety and may 
in some cases add trapping capacity exceeding the established endpoint values for the saturation 
functions. This we call hyper-trapping. 
However, the quantitative balance and net result of the combined processes of by-pass and hyper-
trapping have to be investigated for more types of selected sedimentary systems that are described at 
sufficiently fine scale. 
3.1. Saturation function input 
For managing differences in capillary pressure characteristics these are all linked directly to the 
different permeability classes, see Fig. 3. For the relative permeability, only a single curve is used for 
input, but including hysteresis and scanning calculations. 
 
 
Figure 3. The 8 different Pc functions used for the permeability classes. The drainage curves are used for both the injection stage 
and the equilibration. 
In other studies, e.g. Thomas et al. [6] it has been derived that there is a close link between 
permeability and capillary entry pressure. This relation has been implemented for the 8 permeability 
classes according to data from different sources and an estimated average behaviour (Figure 4). 
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Figure 4. Relation between permeability and Pce (capillary entry pressure) with present model data shown in red. Blue line is 
relation from Thomas et al. [5] converted to water/CO2 system. The point data shown are from Krevor et al. [2], Pini et al. [3] and 
Bennion & Bachu [7]. 
For model boundary conditions and pressure management, the pore volume of the 3 end-face cell 
columns on the left side have been increased a factor 103, 106 and 109, in order to supply a very large 
pore-volume to moderate the pressure created by injection, and to let the CO2 pass through the model. 
4. Flow simulation of filling pattern 
The injection rate has been set to correspond to an average front velocity of 1-2 m/day. The model has 
a saturation function endpoint of 0.57 for the maximum saturation of CO2. 
When using 8 different Pc functions in the fine scale heterogeneity model, the difference in entry 
pressure in addition to the permeability, influences the distribution of the injected CO2 as seen in Figure 5 
showing saturation development up to 30 days injection. 
 
Figure 5 A, B: Saturation of dense-phase CO2. Time-steps for simulations 5 and 15 hours. 
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Figure 5 C, D, E. Saturation of dense-phase CO2. Time-steps for simulation: 20 hours, 1 day, 30 days 
5. Flow simulation of imbibition after the injection stop 
When injection is stopped the pressure in the CO2 phase decreases and water imbibes from below. As 
this process is only driven by gravitational forces it is fairly slow (Figure 6). 
 
Figure 6. Saturation of dense-phase CO2 after imbibition for 105 days = 3½ month. 
6. Filling efficiency 
6.1. Capillary pressure and mobility 
From the simulation, the pressures of water and CO2 can be extracted, and the Pc can be calculated as the 
pressure difference between the CO2 and the water phase. When plotting the CO2 saturation versus the 
calculated Pc at the final stage of injection it shows a close reflection of the input Pc functions (Figure 
7A). The plot also shows that the endpoint saturation is not reached due to the dynamic effect as a result 
of the inadequate pressure gradient. The high mobility of the injected CO2 does not allow a larger 
pressure gradient to establish in the model setup. This affects also the relative permeability functions, as 
their endpoint is not reached. 
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During the equilibration some parts of the model retains a CO2 saturation not respecting the imbibition 
curves, which gives rise to hyper-trapping, see Fig. 7B. 
 
Figure 7. A: Plot of the capillary pressure versus saturation in the model at the timestep of 4 days injection, calculated as the 
difference between CO2 pressure and water pressure in every simulation cell. It is therefore an illustration of the effective endpoints 
for the 8 different input capillary pressure curves used in the simulation as a result of the pressure gradient within the model created 
from injection. The point sets are colour indexed with their permeability code in order to distinguish the different cell responses, and 
mimic the capillary pressure curves as they reflect the saturation level at different locations along the injection direction.  
B: capillary pressure versus saturation in the model at the timestep of 105 days equilibration. Some of the cells with more than 0.30 
saturation have retained some extra-endpoint CO2 in principle being mobilebut unable to escape, despite their scanning curves 
having used the intrinsic endpoint of 0.30.  
The partial saturation (not reaching the endpoint value) of the cells in the model is interpreted as 
resulting from the inadequacy of the pressure gradient to build up sufficient pressure to fill the cells. This 
limiting of the pressure gradient is probably linked also to the high mobility of the CO2 escaping towards 
the outlet end of the model, thereby not allowing pressure to rise. 
This is therefore a warning that in parts of the reservoir where the driving force is limited, and the CO2 
pressure is not sufficient, because CO2 is relatively free to escape, the saturation endpoint might not be 
reached and even moderate differences in capillary characteristics can create a heterogeneous filling 
pattern. The localisation of this process in the reservoir, and its quantitative significance is a subject for 
further investigation. 
7. Discussion 
The presented simulations involve complex input for rock and flow properties, and further work will 
engage in better reflection of the physical processes in order to quantify the net result of the counteracting 
phenomena of by-pass and hyper-trapping. 
The very small scale of the model suggests that also the diffusion process of dissolved CO2 will 
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contribute to redistribution although the diffusion transport is in the order of 1 cm pr year, so obviously 
the inclusion of this will refine the picture of the CO2 distribution. 
The simplified input for capillary pressure functions has been chosen in order to simplify the 
preliminary evaluation of the interplay of geological heterogeneity and flow processes. 
The filling and imbibition processes studied will typically occur in sloping aquifers, whereas 
stratigraphic traps with closure and development of high CO2 columns will have only subordinate 
volumes with imbibition during the equilibration period. 
8. Conclusions 
Based on the present investigations on a selected model setup it seems that filling efficiency in the 
heterogeneous system is lowered by the dynamic interplay between pressure gradient, mobility of the 
phases and capillary characteristics. The CO2 saturation is not able to reach the endpoint value for all 
parts of the reservoir. 
Hyper-trapping occurs where the architecture of rock types with different capillary characteristics traps 
extraordinary volumes of CO2. 
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